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PREVENTING CHROMIUM LEACHING FROM WASTE SLAG EXPOSED TO SIMULATED 
ACID PRECIPITATION: A LABORATORY STUDY 

By Howard W. Kilau 1 and Ishwarlal D. Shah 2 

ABSTRACT 

The Bureau of Mines tested chromium-bearing waste slags from indus
trial stainless steel and other chrome alloy operations to determine 
their chromium leachability characteristics under acid precipitation 
conditions and to devise measures to prevent any pollution originating 
from this source. 

Two critical slag composition factors were found to control the chro
mium leachability: (1) CaO:Si02 ratio and (2) magnesium content. 
Above a 2.0 CaO:Si02 ratio, chromium exists in slag as CaO·Cr203, which 
can be vulnerable to leaching by acid precipitation especially if oxi
dized to CaCr04 when exposed to the environment over an extended period. 
Maximum chromium leachability from industrial slags occurred when the 
composition of the slag had about a 2.0 CaO:Si02 ratio. Between a 1.0 
and 2.0 CaO:Si02 ratio, in the presence of sufficient magnesium, MgO 
·Cr203 was formed, which is very resistant to oxidation and to dissolu
tion by simulated acid precipitation. 

Addition of magnesium silicates to molten slag to fix the chromium in 
the MgO·Cr203 form was successful in preventing chromium leaching in 
simulated acid rain solutions. Experiments showed olivine and waste 
taconite tailings were suitable for this purpose. Olivine addition to a 
waste slag having a composition vulnerable to leaching (CaO:Si02 > 2) 
reduced the chromium leachability more than 80 pct. 

'Research chemist. 
2Metallurgist. 

Twin Cities Research Center, Bureau of Mines, Minneapolis, MN. 
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INTRODUCTION 

This report presents the results of re
search aimed at evaluating and preventing 
the leaching action that may result from 
the disposal of waste ferrous slags into 
landfills where they can be subjected to 
acid precipitation. Waste slag consti
tutes a large potential source of chro
mium contamination of ground waters, par
ticularly under the enhanced leaching 
action of acid precipitation on waste 
slag dumps. Numerous investigations into 
the effect of acid precipitation on vege
tation, surface waters, animal life, and 
stone architecture are to be found in the 
literature (13, 15, 18-19, 26).3 The 
potential effects -Of aci~precipitation 
on waste dump sites have not been ad
dressed. Many sites, such as those from 
waste ferrous slag disposal, are not con
sidered hazardous under normal condi
tions. However, the prevalence of abnor
mal acid precipitation conditions could 
lead to the possible leaching of hazard
ous elements from these normally innocu
ous wastes. 

Of the numerous toxic elements that 
could be leached from waste slag, chro
mium appears to be of major concern to 
human health. Chromium in the hexavalent 
(VI) oxidation state is toxic, and sev
eral of the chromates have been deter
mined to be carcinogenic (17). The U.S. 
Environmental Protection --Agency (EPA) 
National Interim Primary Drinking Water 
Standards (proposed in 1976) restrict 
chromium to a maximum allowable concen
tration of 0.05 mg/L (9). Therefore, 
even moderate leaching of chromium from 
waste slag landfills into ground water 
supplies would have the potential of ex
ceeding this low permissible level. 

The EPA in 1979 reported the results of 
laboratory and field tests for various 
iron and steelmaking slags (1). They 
determined the slags from the basic oxy
gen furnace (BOF) process, open hearth, 
and electric arc furnace to be generally 
of more environmental concern than blast 

3Underlined numbers in parentheses re
fer to items in the list of references at 
the end of this report. 

furnace slag. Laboratory tests showed 
that heavy metal components in the slags 
leached more readily as the acidity of 
the water in contact with the slags was 
increased. Analysis of ground water ob
tained from areas near iron and steel 
waste landfills revealed significant 
amounts of chromium in concentrations 
roughly equivalent to, or in some sam
ples exceeding, drinking water standards 
(1). 

Over 95 pct of the wrought stainless 
steel and heat-resisting chrome alloys 
produced in the United States are melted 
and partially refined in electric arc 
furnaces, followed by pouring into an 
argon-oxygen decarburization (AOD) ves
sel, where final refining and chemical 
adjustment take place (20). Slag wastes 
are also generated in the production of 
supera110y and other special chrome al
loys and in the production of ferro chrome 
and ferrochromesi1icon. The latter two 
products are ferroa1loys that are inter
mediate metals in Ene production of 
chrome alloys and stainless steels. Also 
tested in the present work are slags from 
recycling operations that produce stain
less steel pig metal from pelletized mill 
scale, grinding swarf, and other wastes 
from stainless steelmaking operations 
(~). 

There has been considerable concern in 
the United States about the economic and 
strategic importance of chromium lost as 
waste in metallurgical processes. A num
ber of Government surveys have sought to 
estimate the magnitude of the loss. In 
1978, the National Materials Advisory 
Board estimated that about 30,000 tons of 
chromium are lost annually in slag gen
erated with stainless steel produced by 
conventional methods (24). Cuthbertson 
and Ponzer (4) reported that 77,500 tons 
of chromium were lost as oxides in stain
less steel production in the United 
States during 1976. The percentage of 
the chromium oxides reporting to the slag 
was not indicated. They also reported a 
smelting loss of 19,815 tons of chromium 
during ferrochrome production in 1970. 



They estimated 60 pct of this ch r omi um 
loss reported to the slag as oxi de . 

The U. S . General Accounting Office 
(GAO) estima ted in a report to Congress 
in 1980 tha t a bout 21 . 5 mi llion tons of 
steelmaking wa ste slag is generat e d each 
year from BOF and electric furnace opera
tions (27) . The GAO estimated this waste 
contains about 40,000 tons of chromium . 
If this loss of chromium is added t o 
thei r estimate of chromium los t in copper 
smelting slags (1L) , then the t ot al ch r o
mium disposed as was t e is more t han 
doubled, or about 98,000 tons of chro
mium. Most of the se slags can be expect
ed to enter into t he envi ronmen t as waste 
landfill or as construction f i ll and, 
therefore, to be ex?osed to a cid pr ecipi
tation leaching. Hence, the environmen
tal da.mage cClused by the leachiLg of 
chromium from these sources cou ld be 
extensive. 

Very little has been r eported i n the 
litera ture regarding the pr evention of 
chromium leaching f r om waste slag . A 
Japanese patent (Nagaya, 23) claims to 
reduce the chromium leachability of 
chrome are slag by mixing silica with the 
powdered slag, followed by calcining at 
900 0 to 1,3000 Co Eguchi and Uchida (~) 

s t udied t he f i x ing of chr omium i n Cr 20 3-
FeO-Ca O- Si 0 2 melts. They found the chro
mium leach a bility increa sed with increas
ing lime con t ent and oxygen pressu re bu t 
decreas e d with t emperatur e . Gemme l (14 ) 
i nves t igat ed t he pollut i on of l an d bY-a 
chromate sme l ter a nd found t hat the tox
ici ty of calcium chromate a nd high pH in 
the soil pre vented a t t empt s at r evegeta
t ion. He a l s o c oncluded that dilut ion of 
t he s mel t er waste wi th inert media , such 
as si l ica sand, was insuf f icient t o allow 
r evegetation, but that removal of the 
ch r omium f r om the smelte r waste by chemi 
cal means was requi r e d be fo re the wa s t e 
was dispos e d of . 

This r eport des c r i bes the initial 
l aboratory resea rch on the leachabi l i t y 
of chromium f rom a varie ty of industrial 
slags f r om stainless stee l and chr ome 
alloy operat i ons. The s lags tested 
c ont a i ned f rom l es s than 1 t o 8 . 1 pc t 
Cr. The work attempts (1) t o as s e ss 
the pot ential f or the leachi ng of chro
mium f r om wast e s l a g exposed to acid pre
c ipitation and ( 2) to r e commend me thod s 
f or pr eventing leachi ng through slag 
t r e a tme n t designed t o convert oxidiza
ble , so l ub l e chromium compounds in slags 
to non s oluble forms resistant t o acid 
precipi t ation . 

ACKNOWLEDGMENTS 

The 2'.lthors are gr ateful t o L . Nussel t, 
process metallurgist, A1 Tech Specialty 
Steel Corp., R. Hannewaid , plant s uperin
tendent, International Metals Reclamation 

Co . (I NMETCO) , and L . W • . Higley , J r., 
me t allurgi s t, Burea u of Mines, Rol la (MO) 
Research Center, f or supplying the waste 
slags tested in t his r esearch program. 

EXPERIMENTAL PROCEDURE 

The slags were obtained f ~om industrial 
stainless steel producers and from a 
chromium waste recycling operation pro
ducing pig metal for stainless steel 
production. The chemical analyses of 
the slags as supplied (base slags A, B, 
C, and D) are given in table 1 . Base 
slags A and B were obtained from a s tain
less steel operation using rhe currently 
most pr evalent s t a inles s steel maki ng 
technology , i .e., ini tial melting of pig 
metal and chromium scrap i n an ele ctri c 
arc furnace (slag A) fo l lowed by t he 
AOD process (sla g B) . According t o t he 

s upplier, ' the s t eel being processed a t 
the time was a 304 stainless wi th slag 
Eamples t aken with an iron spoon and 
pOU1:ed int o a n iron mold . Slag C was ob
tained from a recycling operation produc
ing stainless steel pig metal from stain
less steelmaking wastes" This producer 
tailors the slag to a basici t y4 of 1 _3 t o 

4Ba sic ity is de f i ned as the ratio of 

~ao + MgO with t he component concen-
8 1.0 2 + A120 3 
t r ations in weight pe r cent . 
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1.7 with appropriate addit i ons t o opti
mize chrome reduction and to preser ve t he 
magnesite f urnace l i ning (25). The lat
ter consideration probablY- account s for 
the high MgO content of this slag . Slag 
D was (as described by the supplier) ob
tained f r om an e lectric f urnace me l t of 
a 300 series stainless steel. Slag D 
contained considerable entrained metal-

base 
for 

CaO, 
in a 
fo rm 

l ie particles. The composi t ions of 
s lags A, B, and C were al ter ed 
most t ests by adding r eagent-grade 
Si02 , or MgO , fo l l owed by melt i ng 
plat inum-rhodium alloy crucible to 
a homogeneous solution. (These 
are des i gnated in table 1 as AI, 

s lags 
A6, B1 

through B3 , and C1 thr ough CI0 . ) The 
base slags A, B, and C were also calcined 
(91 0° C f or 16 h) prior to composition 
a l terat i on to oxi dize any metallic parti
cl es that would a t tack the plat i num
r hod ium melting crucible. When reagents 
were added to base slags, t he r esulting 
slag mixt ure s were mel t ed and held for 16 
h above the f usion poi nt at 1 , 450° C in 
an air atmosphere . The slag temperature 
was then r a ised to 1 , 500° C, and the s lag 
was pour ed onto a clean , cold steel 
plate . In many cas es , CaF2 and Fe 203 
wer e added to aid the pour i ng of the vis
cous slag melt s fr om the plat i num-rhod i um 
a lloy melting crucibles . 

TABLE 1. - Chemical analyses of slags obtai ned f rom indus t r ial chrome alloy 
oper ations and a l ter ed slags pr epar ed by add ing reagents and melting in a 
l aboratory f urnace " weight percent 

Slag Cr CaO Si02 MgO Al203 
Base· slag A ••••••••••••• 0. 9 60 .4 22.7 8 . 1 3 . 5 
Altered s lags: 

AI •••.••••••••••••..•• .6 38 . 8 51 . 7 2. 5 2. 0 
A2 1 ••••••••••••••••••• .6 41 .1 31. 0 16 .7 2. 3 
A32 ••••••••••••••••••• .6 41.8 30 . 4 18. 1 2. 3 
A4 3 ••••••••••••••••••• .7 42. 8 30 . 0 16 . 7 2. 3 
A6 •••••••••••••••• • ••• 1. 0 56 . 8 22. 5 7. 3 3. 0 

Base slag B • •• •••••• • ••• .7 54 . 0 32. 8 4 . 7 2. 4 
Alter ed slags : 4 

BI •••••••••••••••••••• .9 49. 7 33. 6 6. 9 3. 2 
B2 5 •• ••••••••••••••••• 1. 0 53. 3 30 .6 6 . 0 2. 5 
B3 •••••••••••••• •• •••• . 7 57 . 1 33. 5 6. 2 2.5 

Bas e slag C ••••••••••• • • 4.8 29. 7 24 . 2 19. 7 6.6 
Altered slags: 

C 1 •••••••••••••••••••• . 7 33. 5 34 .9 18. 7 4. 2 
C 2 •••••••••••••••••••• 1. 2 38 . 2 28.6 NA NA 
C3 •••••••••••••••••••• 2.3 40 . 5 24 . 0 14. 0 6 . 4 
C4 •••••••••••••••••••• 4. 6 39. 4 18 . 9 15 . 9 5 . 4 
C5 • •••••••••••••• • •••• 2. 1 39 . 2 11 . 1 9.4 3. 3 
C6 •••••••••••••••••••• 2. 4 39 . 6 24 . 5 16 . 1 5. 9 
C 7 ••••••••••••••••••• • 2. 5 47 . 5 25 . 1 11 .5 5 .4 
C8 •••••••••••••••••••• 2. 5 46 . 4 23 . 4 9.6 5 .6 
C9 •••••••••••••••••••• 2. 1 49 . 6 18 . 7 13.2 4. 8 
C 1 O ••••••••••••••••••• 2.2 52 . 2 19 . 3 14 . 3 4. 2 

Base slag D ••••••••••••• 8. 1 18 . 0 31. 6 11 . 9 9 . 4 
NA Not anal yzed . 

lS1ag A altered with reagent MgO and taconite t ailings. 
2S1ag A al ter ed with olivine . 

F Mn Fe Ni 
1. 8 0 . 5 0. 4 0. 023 

1. 0 NA NA NA 
1. 0 NA 5. 0 NA 
1. 0 NA 3 .9 NA 

. 8 NA. 4 . 7 NA 
3. 0 NA 3.1 NA 
2. 4 1.0 . 2 , 022 

2 . 3 1. 3 . 7 NA 
3. 0 1.0 .6 NA 
2.1 .8 NA NA 
2. 3 4 . 4 1. 9 NA 

1.3 1.7 1.5 NA 
NA NA NA NA 

1. 9 4 . 8 2. 1 NA 
5.1 3 .2 1.3 NA 
3. 9 2. 1 16 . 5 NA 
2.9 3 . 6 1.8 NA 
1.9 3. 8 1. 3 NA 
2. 2 3 .2 1. 6 Np_ 
2.2 2 . 9 1. 0 NA 
2. 1 3. 4 1.2 NA 
3 . 3 8 . 4 1.9 NA 

3S1ag A alter ed with olivine and taconite tailings. 
4S1ags Bl, B2, and B3 wer e not pr epared from t he base slag B gi ven in the table but 

from a diffe r ent chunk of base s lag B of higher chr omium content. 
5S1ag not held a t melting temperature for 16 h, but poured immediately upon 

me l t ing. 



Altered slags were also prepared by 
adding the mineral olivine or taconite 
tailings plus olivine or reagent-graae 
MgO to the base slag A (slags A2, A3, and 
A4 in table 1). The olivine , a magnesium 
iron silicate mineral , was mined in North 
Carolina, according to information pro
vided by the commercial mineral supplier . 
The rniner'al sample ana lyzed 52 . 3 pct MgO, 
38.9 pct 8i0 2 • and 7.0 pc~ total iron . 
The sample of taconite tailings came from 
tne Minneso::a Mes abi I r on Range and ana
lyzed 64 . 9 pct 8i0 2 , 16.6 pc t total iron , 
2.6 pct MgO, 1.7 pct CaO, 4.5 pct CO2 , 

and 5.7 pct loss on i gnit i on . All slags 
were ground to minus 100 mesh for the 
leaching tests . Care was taken to avoid 
overgrinding so as to minimize the forma
tion of fines and. the va ria tion of pa rti
cle size between samples. The analyses 
for the altered slags prepared as above , 
with a few exceptions, are given in 
table 1 . 
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Two methods wer e used to de te r mi ne t he 
ch romium lea chabi lity of the specime n 
slags . The first was a long-term ( 7-day ) 
test using a lysimet e r-type appara tus . 
The second method was a simp l e , shor t 
te r m (5- or 24- h ) bat ch t es t u s i ng 
stirred slurries . 

The lysimeter me t hod u sed the a pparatus 
depicted in figure 1 a nd diagramed sche
matically in f i gure 2 . Th e l each a te 
solut ion was continuously circula t e d 
through t he appa r atus s o as to percolat e 
through the bed of minus 100-mesh s lag . 
The pH was measured in the upper r e se r 
voir and controlled to a selected con
stant value of 4 .5 by automated addition 
of doser a c id. The dose r acid was usual
ly a mixture of O. 5N in H2804 and 0 . 34N 
in HN03 , although the acid strength was 
changed on occasion depending on the slag 
basicity. 

FIGURE 1. - Lysimeter~type apparaius used to simurate the reaching of chromium from waste slag 

exposed to acid precipitation , 



Thermometer pH control I ing 
electrode---.... 

pH 
recording 
electrode 

Magnetic 
sti rrer 

! 

000 0 

Doser acid inlet 

E 

Upper 

i 
~ction of leachate 

~flow 
H1Y<-1~"'----"''''==--'~.' V 

Magnetic 
stirrer 

: 1 

Separatory funnel~»\::'. 

Poper Ii Iter cone /1';';-
Slag specimen ,.}, 

Lower reservoi r 

pH controller 
and recorder 

Doser acid 
metering 
pump 
act i voted 
by pH 

- c-ontroller 

1 
E 

Pump 

FIGURE 2 •• Schematic diagram of Iysimeter~type apparatus. 

Burette 
with 
doser 
acid 
suPP'7 



Each 1ysimeter experiment was begun by 
adding 100 g of slag sample to a cone of 
filter paper in the separatory funnel of 
the apparatus shown in figure 2. Dis
tilled water (250 mL) was added to the 
lower reservoir, and the peristaltic pump 
was started to give a solution circula
tion rate of 13.0 mL/min. Doser acid 
immediately dripped into the system to 
automatically control the pH at 4.5 in 
response to the controlling electrode of 
the uppe r reservoir. The leachate circu
lation rate of 13.0 mL/min enabled a 
shallow pool of liquid leachate to be 
maintained above the slag sample, thereby 
providing a more uniform percolation 
through the slag bed. The middle reser
voir recording electrode monitored the pH 
of the circulating leachate just before 
it descended to the slag sample. The 
100-g slag specimen was leached 7 days 
(at about a 2.5:1 1iquid-to-so1id ratio). 
The leachate generated was analyzed for 

7 

total chromium using standard atomic ab
sorption spectrometric procedures. 

The 1ysimeter apparatus was constructed 
almost entirely of plastic components 
(polyethylene reservoirs, polyvinyl tub
ing, and po1ymethy1pentene funnel). A pH 
controller, which maintained a preset pH 
value to within ±0.1 pH unit, was used 
in combination with a positive displace
ment acid-metering pump (0- to O. 6-mL/min 
capacity) to control the pH . 

In the slurry test, 10 g of minus 100-· 
mesh slag was stirred for 5 or 24 h in 1 
L of dilute H2S04 1eachant (100:1 liquid 
to solid). Usually, the four 1eachant 
solutions contained 3.5, 8.8, 17.6, and 
35.2 giL H2S04 , At the conclusion of the 
leaching period, the liquid leachate sam
ples were collected and f iltered for 
analyses. 

EXPERIMENTAL RESULTS 

Base slags A, B, and C and several al
tered slags (AI and C1 through C5) of 
table 1 were leached for 7 days using the 
1ysimeter apparatus to simulate environ
mental leaching by acid precipitation. 
The simulated acid rain solution was con
trolled at a constant 4.5 pH using a 
doser acid containing H2S04 and HN03 in a 

1.16:1 weight ratio. Also, for compari
son, a physical mixture containing 4 pct 
Cr (as Cr203) in inert polystyrene powder 
(200 to 400 mesh) was leached under the 
same conditions. The 1eachates obtained 
at the end of the 7-day period were ana
lyzed, and the results are reported in 
table 2. 

TABLE 2. - Chemical analyses of leachate liquids obtained after leaching 
industrial chrome slags and altered slags for 7 days in the 1ysimeter 

Concentration of elements in leachate, mg/L Chromium 
Slag Cr Ca Si Mg Al F Mn Fe S Ni leached, 

pct! 

Cr2 0 3 2 •••••••• 21 NA NA NA NA NA NA NA 626 NA 0.1 
A ................. <2 1,800 9 3 <7 4 <1 <1 370 NA < .1 
A1 ••••.••••••• 4 792 41 8 <7 NA <1 <1 328 NA .2 
B .................... <2 1,692 40 4 <7 6 <1 <1 416 0.4 <.09 
C ......................... <2 1,233 7 21 <7 NA NA NA NA NA <.01 
Cl ....................... 31 1,658 18 8 <7 10 <1 <1 442 NA 1.5 
C2 ........................ 16 2,263 14 12 <7 9 <1 <1 417 NA .5 
C3 •••••••••••• 505 4,026 39 77 NA NA NA NA 314 NA 9.8 
C4 •••••••••••• 1,198 4,275 36 11 NA 1 NA <1 355 NA 12.8 
C5 •••.•••••••• 298 3,095 27 13 <7 15 NA <1 333 NA 5.7 
NA Not analyzed. 

1percent of initial chromium in s l ag leached into liquid as calculated 
from leachate analysis . 

2A physical mixture (100 g) of reagent Cr203 and polystyrene powder 
was leached. 
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TABLE 3 . - Chemical analyses of chromium in leachate l i quids obtained 
after leaching industrial chrome slags and alter,=d slags using the 
slurry method 

Slag Hours H2 SO4 in 
leached leachant , 

A • • ••••••• •• •• 5 10 
5 10. 56 
c, 21.12 -
5 42.24 

A2 •••••••••••• 24 3.52 
24 8.80 

A3 ••••• • •••••• 24 3. 52 
24 8 . 80 

A4 •• ••• ••• • •• • 2t: 3. 52 
24 8.80 

A6 •••••••••••• 24 3 . 52 
24 8.80 

B ••••••••••••• 5 8. 80 
5 17.60 
5 35 . 20 

B 1 • •• •••• •• •• • 5 8.80 
B2 •••••••• •• •• 5 8.80 
B3 ••••••• • •••• 5 8.80 
C •••••••• • •••• 5 7. 04 

5 14 . 08 
5 ~8 . 16 

C6 •••••••••••• 5 7.04 
5 14 . 08 

C7 • •••• ••• •••• 5 8.80 
C8 ••••••••••• • 5 8 . 80 
C9 ••• ••• •••••• 5 8.80 
C 1 O •••• • ••• • •• 5 8 . 80 
D ••••••• ••• ••• 5 8.80 

5 17 .60 
5 35.20 

lLeached with distilled water. 

The base slags A, B, C, and D 
eral altered slags (A2 through 
through B3, an~ C6 through C10) 
1 were leached for 5 or 24 h 

and sev
A6, :31 

of table 
using the 

Chromium in Chromium leached, 
g/L leachant, mg/L pct 

< O. 5 < 0. 5 
35 37.8 
85 90.6 
62 67.0 

4 6.8 
12 20.2 
3 4 . 9 
6 10.9 
6 8.7 

17 24.5 
34 33 . 6 
58 57.6 
24 36 . 3 
29 43.0 
39 59.1 
50 56.8 
50 49.6 
46 69.9 

2 . 8 
12 5. 5 
11 5 . 1 
34 14 . 2 
95 39.6 
96 38.4 

180 81.8 
150 70.5 
133 60.4 

96 11.6 
102 12.3 
106 12 . 9 

slurry method. The chromium leachability 
lesults for several leachant H2 S04 COfr

centraticns are given in table 3. 

DISCUSSION 

LEACHING METHODS 

The EPA method (9) for determining the 
toxicity of solid waste has several ele
ments in common with the lysimeter and 
slurry tests used in this work. However , 
no effort was made to duplicate the EPA 
extraction procedure. The EPA test has 
little relevancy when applied to waste 
ferrous slags . For example, the use of 

acezic acid to cont~ol the pH in the EPA 
test is not applicable practically or 
logically to waste slags. Many waste 
slags contain large amounts of CaO, which 
consume excessive volumes of a weak acid 
such as acetic acid to maintain the re
quired pH level. The EPA test is modeled 
on the codisposal of toxic wastes in an 
actively decomposing municipal landfill 
that overlies a ground water aquifer. 



Sl ag dumps ar e inorganic, rel ative l y 
ste r i le was tes compared with t he biologi
c a lly active municipal l andfills f or 
which t he EPA tes t was devised . Codis
posa1 of ferrous waste slag with organic 
matter is an unlikely occurrence. 

The waste slag tes t s in this work ar e 
based on a 1eachant c omposed of the major 
compon e n ts of acid pre cipitation, i .e., 
H2S04 and HN0 3 • In the 1ysimeter tests, 
t hese a cids were mixed in a we i ght ratio 
of H2S04 to HN03 of 1 . 16 :1, a value re
por t e d i n t he l iterature f or a sampling 
of aci d precipi t ation in t he Eastern 
United States in 1 97 5 (22). This ratio 
varies throughout the United States, but 
t he 1.16 value was considered sufficient
ly typical for s imu lating acid precipi t a
tion per co l a t i ng t hr ough a waste slag 
heap in the northeastern, industrial area 
of the Uni t e d States. The control pH of 
4 . 5 was select ed f or its inte rmediate 
position between acid pre cipitation ex
tremes and f or its ease of con trol with 
the doser acid control e quipment. 

LEACHING OF BASE SLAGS 

The lysimeter tests of base slags A, B, 
and C s howed these s lags to have good r e
sis tance to chromium leachabi l ity und e r 
the test conditions (table 2). The 
l ysimeter resul ts demonstrate that the 
solubility of chromium from these slags 
is l e ss than that fr om pure Cr 203, when 
the slags ar e fre shly discharged f rom t he 
stee lmaking f urnace and before they ar e 
s ubjec t ed to weather ing or o the r environ
mental conditions . 

Tabl e 2 a lso give s the leachate analy
sis results for a number of other ele
ment s present i n t he slags . The large 
sol ubil ization of calcium from the slags 
is noteworthy , and the sulfur in the 
leachate originates primarily f rom t he 
doser acid. The sulfur analysis i s no t 
consis tent with t he amount of dos er acid 
a dded , because o f gypsum ( CaS04 '2H20 ) 
prec i pitation f r om t he leachate . Gypsum 
was deposited as a white powde r in vari
ous regions of t he leaching apparatus, 
particular ly on top of the slag bed, and 
was identi f i e d by X-ray di f fraction. 

9 

Although the chromium leachability di f 
f ere nce s between as-supplied slags were 
not dete c t able in the lysimeter testing , 
the slurry testing revealed marked dif
ferences. Under the conditions of slurry 
testing with H2S04 leachant, bas e slags A 
a nd B showed considerable vulnerability 
toward chromium leaching , base slag D 
showed moderate leachability, while base 
slag C demonstrated high resistance to 
the H2S04 solutions (table 3). The 
leaching susceptibility of base slags A 
and B in the slurry testing appeared to 
be influenced by the slag CaO:Si02 ratio 
(the components of the ratio, CaO and 
Si02, being i n concentration units of 
weight percent). Figure 3 plots the ra
tio of CaO:Si02 versus the percentage of 
chromium extracted during a 5-h period 
of slurry leaching at various concentra
t i ons of H2S04 1ea chant. The percents of 
chromium leached f rom slags A and C in 
t he f i gure are approximate values calcu
lated by int e rpolating between experimen
tal results in table 3 for adjacent 
leachants of different H2 S04 conce ntra
tions. The figure reveals a minimum 
chromium l eachabi lity occurring somewhere 
b e tween a 0 . 57 and a 1.65 CaO:Si0 2 ratio 
f or all concentrations of leachant acid. 
For the weakest concentration, 8.8 giL 
H2 S04 , a maximum chromium leachability 
appeared to be between 1.65 and 2.66 
CaO:Si02 ratio. 

LEACHING OF ALTERED SLAGS 

Thi s pattern of chromium leachability 
dependence on the CaO:Si0 2 ratio was 
duplicated in both the lysimeter and 
slurry t es ts when base s l ags A, B, and 
C were al t ered and melted in air. The 
chromium leachability data f rom the 
lys imeter and slurry tes t ing f or a l t er
ations of slag C (slags C1 thr ough C5, 
table 2, and slags C6 through CIa , ta
ble 3) were plotted against CaO: Si0 2 
to give figur e 4 . In this case the max
imum leachability is more pronounced 
and o ccur s near t he 2 . 0 CaO:Si0 2 ratio. 
Al though the per ce n t chr omium leached 
at any particular CaO:Si02 ratio is dif
ferent under the two tes ting conditions 
(slurry and lysimeter), the pattern 
of minima and maxima are the same ; 
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FIGURE 3. · Chromium leachability dependence on CaO:Si0 2 ratio for base slags when leached with 

dilute H 2S0 4 solutions using the slurry method , 

i . e . , a minimum 
CaO:Si02 r atio 
2.0 ratio . 

occurs at about a 1. 3 
and a max i mum at about a 

It is also evident from figure 4 t hat 
addition of lime to slag C and r emelting 
in air increased the chromium leacha
bility dramatically. For t he most par t, 
calcium concentration in the leachate 
i ncreased in proportion to the lime 
addition to the slag, but sulfur in the 
leachate remained relatively cons tant, 
reflecting the saturation and pr ecipi
tat ion of gypsum. The r esult s i ndicate 
that waste chromium- bearing slags are 
particularly susceptible t o leaching of 
chromium by acid precipitation when they 
contain calcium in amounts suff i cient to 
give a CaO:Si02 ratio of about 2 . 

The effect of lime addition on chromium 
leachability from waste slag has a coun
terpart in the well-known process of 
chemical extraction of chromite (FeO 
· Cr203) ores . In this case, high chro
mium leachability is desired and is aided 
by the addition of lime to a mixture of 
chromite ore and Na2C03' The CaO
Na2C03-ore mixture is roasted at 1,100° 
to 1,150° C in an oxidizing air atmos
phere, followed by water leaching of the 
r oasted mater ial to extract the chromium 
as Na2Cr04 in solution. The extract 
solution is acidified and purified, and 
the chromium is recovered by chromic acid 
eleci:l.'olysis or by other means. The lime 
addition increases the ore roasting rate 
and is believed to inhibit the solubility 
of undesirable impurities (!..Z). 
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FIGURE 4. - Comparison of chromium leachability of altered slag C in slurry and Iysimeter tests. 

) Iurry tests: leachant, 8.8-g / L-H 2S0 4 solution; liquid-to-solid ratio = 100; 5-h leaching period. Ly

simeter tests: leachant, simulated acid rain (HNO 3-H 2S0 4) at pH 4.5; I iquid-to-solid ratio = 2.5; 7-day 

leaching period . 
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The beneficial effect of lime on chro
mite ore r oasting was noted by Doerner 
(5) more t han 50 years ago. Doerner pro
posed that lime may react with FeO·Cr203 
to form intermediate CaCr04 , followed by 
reaction of the chromate wi t h Na2C03 to 
form Na2Cr04 . He also found that CaO 
enabled the oxidation of pure Cr203 to 
chr omate under air at atmospheric pres
sure and 900 0 C. The conversion of Cr 203 
to chromate was determined to be about 70 
pet complete in the presence of CaO , 
while Cr203 alone under the same condi
tions did not oxidize. No mention was 
found in the chromite-roas ting literatur e 
regarding an optimum lime addition that 
was dependent on chromite ore silica 
content . 

PHASE DIAGRP~ EVIDENCE 
FOR CaO:Si02 INFLUENCE 

The influence of the CaO;Si02 ratio on 
the chi"omium leachability from waste 
chromium-bear i ng slags , particularly the 
maximum occurr ing at about 2 . 0 ratio, i s 
an important result of the pres ent work, 
which can be explained f r om a study of 
phase diagrams f rom related systems. An 
examination of the CaO--Cr203-Si02 system 
delineated by Glasser and Osborn (16) in
dicates the importance of the 2.o-ratio 
to waste slag chromium leachability . 
Figur e 5 presents the 3ubsolidus phase 
diagram for the ternary system at 1 , 350 0 

C. At the low chromium concentrations 
(less thaD eel pet) encountered in the 
tested waste slags , the diagram shows a 
phass transformation near the 2.0 
CaO:Si02 rEtlo 1epending on the slag's 
chromium content. If lime is added to 
t he system in the 1 . 5 to 2 . 0 CaO : Si02 r e
gion , two phase boundaries are crossed 
near the 2.0 rat io and Cr203 is converted 
to CaO · Cr203 (calcium chromite) . 

OXIDATION OF CaO·Cr203 

CaO · Cr203 is not greatly soluble in 
acid (5), but in the presence of air a nd 
CaO at-elevated temperatures it is read
ily oxidized to acid-soluble CaCr04 (cal
cium chromate) (2-~' ~) . The relative 
insolubility of CaO·Cr203 is evident in 
table 2, where the CaO · Cr 203 in the base 

Co,SiO, 

Tridymife 
+ 

-- a CoSiO, 
+ -

Co SiO, uvarovife 

Co,SiO, + CoO + j3 CoCr Z04 

SiO, 

FIGURE 5 . • System CaO-Cr203 -Si02 at 1,350 ° 
C According to Glasser and Osborn (1.&). 

slag A (presumed present , as derived from 
the phase diagram of figur e 5 fo r a 2.66 
CaO : Si02 ratio) did not l e ach under the 
lysimeter test ~onditions . However , the 
greater solubility of CaO ·Cr 203 compared 
with that of ot her chromium phases be low 
the 200 CaO : Si02 ratio was revealed when 
the base slags were subjected to the 
stronger acid and higher liquid-to-solid 
ratio of the slurry testing (table 3 and 
fig . 3). 

The oxidation of CaO · Cr 203 t o CaCr04 
renders the slag's chromium content very 
susceptible to leaching , even under the 
milder conditions of lysimeter testing 
(table 2, slags C3 through C5) . The 
preparation of altered slags by melting 
for an extensive period under air atmos 
phe~e ensures the oxidation of CaO · Cr20 3 
t o CaCr04, which explains the greater 
chr omium leachabi l i ty of altered slags 
in the composi t ion r ange of CaO·Cr 203 
format ion. Doerner (2) believed the CaO 
· Cr203 oxidation might pass through an 
intermediate stage with format ion of the 
compound 3CaO · Cr03 · Cr203 , followed by 
final conversion to CaCr04 . But Ford and 
White ' s ( 12 ) pr obable phase diagram 
(fig. 6) f or the CaO-Cr 203 binary system 
under atmospheri c oxygen pressure indi
cates that 9CaO· 4Cr03·Cr2 03 i s a more 



likely intermediate. The phase 
shows the likelihood of CaCr04 
from CaO'Cr203 in waste slag as 
cooled from higher temperatures in 

diagram 
forming 

it is 
air. 

It should be pointed out that CaCr04 
cannot exist in the slag while in the 
steelmaking furnace. Before tapping, the 
slag is in contact "lith the molten iron 
bath, which would reduce CaCr04 by proba
ble slag-metal reactions such as those 
shown at bottom of this page (1 - 2). The 
poor leachability of base s l a g A in t he 
lysimeter tes t compared with t hat of al
tered slags of similar CaO : Si02 ra t io 
probably indicates that slag A had not 
o;ddized appreciably . Apparently when 
the slag was tapped f r om the industrial 
furnace and cooled, time f or oxidation of 
CaO'Cr203 was i nsufficient, despite the 
severance of slag-metal bath con t act . 
Entrained metallic particles in the slag 
may also inhibit oxidation during this 
cooling period ,_ 

The question arises as t o whether CaO 
' Cr 203 i n waste slag wou ld ox idize t o 
yield soluble CaCr04 under conditions of 
disposal in the envir onment ( l ong expo
sure to air, summer heat, and acid p;:-e
cipitation). The present work does not 
answer this question with certainty , ow
ing to the short leaching periods used. 
The free energy change for the ox idation 
of CaO - Cr 203 was not calculated since a 
free energy value for the compound could 
not be located in the thermodynamic lit
erature. However, thermodynamic calcu
lations show that the oxidation reaction 

is feasible at ambient tempe r a tur e s . The 
standard free energy of this reaction was 
calculated to be -71.6 kcal. Dufau (6) 
found experiment a lly t hat the oxidation 
of CaO'Cr203 begins below 100 0 C in air. 
Therefore, waste slag containing chromium 
in the form of CaO'Cr 203 is believed 
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FIGURE 6.· Sys tem CaO.Cr 20 3; probable un" 

der atmospheric oxygen pressure. Accord ing to 

Ford and White (12) . 

particularly vulnerable to 
soluble CaCr04 when exposed 
pe r iod i n the e nvir onment . 

oxidation to 
fo r a long 

SELECTI ON OF CaO : Si0 2 RATIOS FOR 
PREVENTI ON OF CHROMIUM LEACHING 

A slag composi t i on h a v ing a CaO : Si0 2 
r atio near 2.0 is t o be generally avoid
ed, since it predisposes the slag to the 
formation of oxidizable CaO'Cr203' The 
phase diagram of figure 5 indicates that 
CaO: Si02 ratios greater than 2.0 should 
lead t o addit ional CaO ' Cr 203 formation 
and, thence. to greater chromium leacha
bility. However. the experimental data 
do not cor r espond we ll with this pha se 
diagram information. The large dropoff 
in chromium leachability for altered 
slags having ratios greater than about 

( 2. ) 
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2.6 (fig. 4) is not completely under
stood. The moderately reduced chromium 
leachability between the ratios 2.0 and 
2.6 is reasonable, since lime addition 
beyond the maximum point of the 2.0 
CaO:Si02 ratio does not create more 
CaO · Cr203 but simply dilutes the slag and 
consumes acid. The severe dropoff be
tween 2 . 6 to 3.4, however, requires a 
different explanation, which may possibly 
be in the limitations of the leaching 
system. High lime addition could cause 
excessive precipitation and adsorption of 
gypsum on the slag residue. This ad
sorbed layer could act as a barrier to 
prevent reaction between the H2 S04 leach · 
ant and CaCr04 in the slag. Figure 3 in
dicates the phenomenon is influenced by 
acid strength. The unaltered slags of 
figure 3 display no dropoff of chr·omium 
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leachability at high CaO:Si02 ratios for 
the stronger acid concentrations. The 
result suggests that the gypsum barrier, 
if it exists, dissolves in the stronger 
acid to allow normal chromium leaching. 

In figures 3 and 4, the chromium leach
ability increases as the CaO:Si0 2 ratio 
is decreased below the range around 1.2 
to 1.3, the level of minimum leachabil
ity. The appearance of a more leachable 
chromium phase is evidently occurring. 
This result complicates the addition of 
silica proposed in the patent by Nagaya 
(~). Optimum suppression of chromium 
leachability appears to require a consid
eration of the slag CaO:Si0 2 ratio, a 
factor not considered by Nagaya in his 
patent. 

U 
20 [ill] etc. CaO: Si02 ratio in slags before leaching 

t::.. Slags leached for 5 h 

10 
0 Slags leached for 24 h 

0 
6 7 8 9 10 II 12 13 14 15 16 17 18 19 

MgO IN SLAG, pct 

FIGURE 7 •• Dependence of chromium leachability of altered slags on slag MgO content in the range 

1.33 to 1.89 CoO:Si0 2 • All slags were slurry tested in 8.8 giL H2S0 4 solution. 



INFLUENCE OF MgO 

When the chromium leachability of vari
ous alterations of slags A and B were 
compared with those of altered slag C, 
numerous deviations indicated that the 
CaO:Si0 2 ratio was not the sole composi
tion factor controlling chromium leacha
b1lity. The variation seemed random for 
slags having CaO:Si02 ratios higher than 
1.9, but in the region between ratios of 
1.2 and 1.9 the leachability appeared to 
follow a sequence related to slag magne
sium concentration. In this region, 
chromium leached less readily as the mag
nesium content in the slag was increased. 
This result is illustrated in figure 7, 
which plots the chromium leachability of 
altered slags in slurry testing (slags A2 
through A4, B1 through B3, and C6 and C7) 
against the slag MgO content in the 
region of interest. The chromium leach
ability as a function of magnesium con
centration appears to have approximately 
linear characteris t ics in the 6- to 20-
pct-MgO range examined. The dependence 
of chromium leachability on magnesi
um content was further supported by a 
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similar plot (fig. 8) of the slurry test 
data from base slags A, B, C, and D. As 
in figure 3, the percentages of leached 
chromium for slags A and Care interpo-' 
lated values. Figure 8 shows that in
creasing the magnesium content in slag 
again depresses the slag chromium 
leachability, with the exception of slag 
A at the stronger acid concentrations. 
In this case, the high CaO:Si0 2 ratio 
(2.66) is the dominating factor influenc
ing chromium leachability rather than 
slag MgO ccntent_ 

The inhibiting effect of increased slag 
magnesium content on chromium leachabil
ity, in the range below a 2.0 CaO:Si0 2 
ratio, appears to originate from the for
mation of insoluble spinel compounds. 
White's (28-29) research into refractory
slag systemS-reports a fact remarkably 
pertinent to was te slag chromium leacha-·' 
bility . He showed that the CaO:Si0 2 ra
tio of 2.0 was a critical factor in de
termining the phase combinations present 
in chrome-magnesite refractory. White 

KEY 
H2 504 In leachant, giL 

6. 8,8 
o 17.6 
o 352 

12 13 14 15 16 17 18 19 20 
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FIGURE 8 •• Effect of magnesium concentration in slag on the slurry testing of base slags A, B, (, 

and D in leachants containing various concentrations of H 2504 . (aO:5i0 2 ratios: slag A, 2.66; slag B, 

1.65; slag (, 1.23; slag D, 0.57. 
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determined that the phase combinations up 
to a ratio of 2.0 CaO:Si02 contained all 
the chromium in a spinel, solid-solution 
phase "(-lith I1g0, FeO, Fe203, and Al203' 
At ratios greater than 2.0, the spinel 
structure gave way to formation of cal
cium chr omites, fe r rites, and aluminates " 

The quate rnary phase dia g r am for t he 
system CaO- MgO-Cr203-Si02 , shown in fig
ure 9 , was developed by Berezhnoi and 
Gul'ko (3). Examination of this phase 
diagram -indicates that formation of 
the MgO'Cr 203 spinel (picrochromite) is 

At CaO : Si0 2 

likely responsible for the diminished 
chromium leachability for slags of high 
magnes i um content . As the tetrahedron of 
the system is traversed through its in
ternal element a r y tetrahedra enclosing 
various phase domains , the compositional 
requirements fo r existence of MgO ' Cr203 
become evident. Thus , if a traverse is 
ma de in th~ direction of increasing lime 
content at relatively lew and constant 
Cr203 and MgO levels (indicated by the 
arrow on figure 9), the following domains 
will be traversed: 

Phas e s 

0-1 • • •• • ••• Si02-CaO·MgO·2Si02 - MgO·Si02-Cr203 
CaO · Si02-CaO · MgO·2Si02-Si02-Cr203 
CaO·Si02-2CaO·MgO·2Si02-CaO·MgO·2Si02-MgO·Cr20~ 

1-1.5 • •••• • 3CaO·2Si02-2CaO·MgO·2Si02-CaO·Si02-MgO -Cr203 
3CaO·2Si02-3CaO·MgO·2Si02-2CaO·MgO·2Si02-MgO·Cr203 
3CaO·2Si02-2CaO · MgO · 2Si02-2CaO·Si02-MgO·Cr203 

1.5-2.0 •• • • 2CaO · Si02 - 3CaO ·MgO · 2Si02-2CaO ·MgO·2Si02-MgO·Cr203 
2CaO · Si0z-MgO-3CaO ·MgO· 2Si02-MgO 'Cr20) 

2.0-3.0 • • .• 2CaO · Si02 - MgO- MgO · Cr 203-CaO·Cr203 
2CaO·S i 02-3CaO · Si02-MgO-CaO·Cr203 

Cr,O, 

wI-p e l 

Traverse when 
,..' Inc reasinQ lime 

content at constant, 
low levels of 
Cr203and MQO 

FIGURE 9. ~ System CoO-MgO-Cr20 3-Si021 showing 
subsol idus compotib i lity relations ., C " CoO, M = MgO, 
S = Si0 2• Adapted from Berezhnoi and Gul'ko (]. 

It is evident that the formation of MgO 
'Cr203 spinel does not oc~ur after cross~ 
lng the phase boundary slightly be
yond the 2 .. 0 CaO:Si0 2 ratio. Above the 
2.0 ratio, chromium exists wholly in the 
CaO'Cr203 state, which, as determined 
earlier, is readily oxidized to acid
soluble CaCr04 under appropriate condi
tions. Ford and Rees (10) developed a 
similar diagram for the system, but they 
made their phase determinations in an 
air atmosphere, with resulting partial 
oxidation of CaO·Cr203 occurring as a 
consequence. 

LEACHING AND OXIDATION RESISTANCE 
OF MgO'Cr203 

MgO·Cr203 i s 
compound that 

an exceedingly stable 
is ve r y r es i s tant t o 



dissolution by mineral acids. Dufau (6) 
observed tha t the compound was attacked 
with d i fficulty by HF and HGl , while 
Ebelman (7) said it was not attacked at 
al l by c oncentrated HCl . Doerner ( 5) 
found MgO·Cr 20 3 to be insoluble even in 
HN03. Figure 8 likely reveals the su
perior resistance of MgO · Cr203 towar d 
acid leaching compared with other chro
mium species in the slag, such as Cr203 , 
FeO· Cr 203 , CaO ·Cr 203 , and mixed spine l 
(Mg,Fe,Al)O · Cr203. The g r eater l e acha
bility of base s lag A (fig . 8) probably 
demons t r ates the greater solubi l i ty of 
CaO ·Cr2 03 in strong H2S04 solution c om
pared with t hat of the spinel and other 
chromium compounds pr esent i n slags B, C, 
and D. 

The MgO·Cr203' unlike CaO·Cr203, is 
very resistant to oxidation. Bayer and 
Wiedemann (2) studied the :reaction of MgO 
wi th Cr203 in air asing differential 
thermal analysis. They found the stable 
spinel MgO'Cr 203 was fo rmed prefe rential
ly . Oxidat i on t o soluble magnesium chro
mate (MgCr04) requ ired high oxygen pres
sures . This resistance of MgO · Cr203 to 
oxida tion under normal conditione was 
confirmed by Ford and Rees (11). 

Figure 10 gives t he ternary phase dia 
grams they developed for the system CaO
MgO-Cr203 under various temperatures i n 
~ir (A, B , and C) and under vacuum (D) . 
The diagrams sriow the susceptlbility of 
the system to form oxidation products 
from CaO-Cr203 (CBCr04 and 9CaO'4Cr03 
°Cr203) in air a~ elevated temperature . 
In contrast, MgO" Cr203 remains unaffect
ed, whether in air or vacuum. There
fore " the MgOnC:L203 is a most desirable 
form fo~ chromium ro be disposed to the 
e nvironment since it possesses excel
lent resistance both to oxidation and 
solutility under conditions of acid 
precipitation. 

Ford and Rees (10) also reported that 
the system CaO-Si02-Cr203-tVigO is analo
gous to the systems CaO-Si02-Cr203-Fe203 
and CaO-Si02- Cr 203-A1203 . The oxidation 
product, CaCr04, would again be expect
ed to form in the systems when the 
CaO:Si02 ratio achi eved a 2,0 value . 

MgO MgO 

MgO MgO 

FIGURE 10 •• System CaO. MgO.Cr203, showing 

phase distributions in the ternary system under var~ 

ious conditions. According to Ford and Rees (1]) , 
A, Below 800 0 C in air; B, 800 0 to 1,0000 C in air; 

C, ove r 1,0000 C in air; 0, in vacuum. 
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Therefore , in more complex actual slag 
systems containing both iron oxide and 
alumina , the chromium leachability ma y 
still be expected to increase remarkably 
near the 2,0 CeO:Si0 2 ratio . 

The normally high calcium and 1m., mag
nesium content of steelmaking slag1:' from 
the BOF may be the primary cause of 
the high chromium concentrations founa in 
ground water near a steel mill landfill 
noted earlier. A CaO:Si02 ratiu of 2.0 
to 3.0 is desired in BOF slags fo~ im
purity removal, while MgO content is gen
erally less than 6 pct owing to the MgO 
saturation limit for this type of slag 
(21). Generally, BOF slag is disposed as 
waste rather than recycled or used 
for cons~ru~tfon purposes . Even though 
the average chromium content of BOF slags 
runs lesE than 1.0 pct, th~ high CaO:Si0 2 
ratio and low HgO content may allmv suf
ficient leaching of chromium from these 
slags to contaminate ground water. 

FIXING OF CHROMIUM 

Slags AZ, A3, A4, and A6 in tahles 1 
and 3 represent a set of experiments per
formed to test the practicality of adding 
inexpensive magnesium silicate materials 
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FIGURE 11. - Effect of magnesium silicate addition on leachability of slag A after 

24 h of leaching . 



to molten waste slag in order to pro
mote resistance to chromium leaching af
ter the slags are disposed in the en
vironment. Taconite tailings and olivine 
[2(Mg,Fe)0·Si02] were used in the tests, 
but any material such as waste asbestos 
and discarded magnesite (a common furnace 
refractory lining used in steelmaking) 
containing mostly silicate and/or mag
nesium should be suitable. 

The strategy proposed for fixing chro
mium is to add silica or silicate ma
terial to lower the CaO:Si02 ratio to 
about 1.3 to 1.4, followed by magnesium 
addition to maximize the chromium fixa
tion in the form of the stable, insoluble 
MgO·Cr203 spinel. The additions would 
preferably be made to the charge before 
the smelting of the chrome ore or ferro
chrome alloy if such a procedure is com
patible with the smelting process. This 
would ensure that the slag phases had 
reached equilibrium before disposal. If 
the altered slag composition is not com
patible with a particular smelting pro
cess, then the additives could be added 
as powder to the molten slag stream as it 
is tapped from the furnace at the conclu
sion of smelting. However, the reaction 
time to form insoluble chromium species 
would be shorter for this treatment 
method. 
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Slag A was selected for treatment in 
the tests. This slag showed high chromi
um leachability in the previous slurry 
testing and thus was a logical candidate 
for testing the chromium-fixing scheme. 
Slag A6 is essentially the same as unal
tered slag A except that it was calcined 
and melted so as to be more comparable to 
treated slags A2, A3, and A4. CaF 2 and 
Fe203 also had to be added to slag A to 
permit pouring this very viscous slag 
from the platinum-rhodium crucible at the 
end of the melting period. Slag A was 
altered with additions of MgO, taconite 
tailings, and olivine to obtain the tar
get compositions of about a 1.4 CaO:Si0 2 
ratio and 16 to 19 pct MgO (slags A2, A3, 
A4). All of the slags were calcined and 
melted according to the conditions de
scribed earlier. The slags were slurry 
leached for 24 h with 8.8- and 3.52-
g/L-H2S04 1eachant, as shown in table 3. 

The results displayed in table 3 and in 
the bar graph of figure 11 demonstrate 
the feasibility of fixing chromium in 
waste slag through addition of cheap mag
nesium silicate materials. Olivine addi
tion alone (slag A3) improved the resist
ance of slag A to chromium leachability 
81 pct when leached with 8.8 giL H2S0 4 
and 85 pct when leached with 3.52-
g/L-H2S04 solution. 

CONCLUSIONS 

It is concluded that certain composi
tions of chromium-bearing waste slag are 
susceptible to leaching of their chro
mium content into the environment under 
conditions of acid precipitation. There 
are two composition factors that predis- · 
pose slag to chromium leachability: (1) 
the CaO:Si02 ratio and (2) the magnesium 
content. When the ratio is above 2.0, 
chromium is present in normal ferrous 
slags (where CaO and Si02 are the major
ity constituents) as calcium chromite 
(CaO· Cr 203), regardless of the magnesium 
content. CaO·Cr203 is slightly soluble 
in acid and might leach significantly un
der severe acid precipitation conditions. 
Of more concern is the possibility that 
CaO·Cr203 is likely to oxidize to calcium 
chromate (CaCr04) under conditions of 

disposal in the environment. CaCr04 
would be readily soluble when exposed to 
acid precipitation in the industrialized 
areas of the United States where slags 
are normally discarded. The chromium 
leached would be in the hexavalent state, 
the condition most dangerous to humans 
and vegetation. This potential problem 
can be minimized if the slag composition 
is well below a 2.0 CaO:Si0 2 ratio, with 
enough magnesium present to form the in
soluble picrochromite (MgO·Cr203). 

It is recommended that leaching of 
chromium from chromium-bearing waste slag 
be prevented by adding minerals or other 
substances containing magnesium and sili
cate to the slag prior to disposal. The 
substances would be added to the charge 
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before smelting (if compatible with 
smelting process) or to the molten slag 
at time of tapping from the industrial 
steelmaking furnace. Magnesium silicates 
are available. inexpensive. and abundant 
for this purpose. Some magnesium sili
cates. such as waste asbestos or taconite 
tailings. are disposal problems in them
selves. Their use in treating waste 
slags could help mitigate two waste dis
posal problems simultaneously. Abundant 
minerals that might be used to fix 

chromium in slag as the spinel MgO·Cr 20 3 
are olivine. serpentine. some of the 
micas. and possibly waste tailings from 
metallurgical beneficiation operations. 
Discarded. used magnesite refractories 
are available around any foundry opera
tion and could be used in combination 
with sand or tailings to provide the mag
nesium and silica needed to bring the 
slag composition below the 2.0 CaO:Si0 2 
ratio to form MgO·Cr 20 3 • 
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